ABSTRACT In this paper, a real-time monitoring system for switchgear contacts (switchgear contact monitoring system) with continuous thermal monitoring is presented instead of infrequent scanning with a handheld infrared (IR) camera or IR window. Attention is focused on medium-and low-voltage switchgear contacts due to the importance of their thermal behaviors in the power system. A binocular IR camera (BIRC), whose size is only 3 cm × 3 cm × 4 cm, is installed near switchgear contacts and collects both visible-light images and IR array data of switchgear contacts. The BIRC is powered by a remote Power over Ethernet switch connected to it using one cable. At the same time, all data transmitted from the BIRC to the remote-control unit are provided by the same cable. To detect localized thermal conditions or hotspots within switchgear contacts, the IR-fusion module fuses temperature array data and image data collected by the BIRC and produces an IR-fusion image. The system design and laboratory test results are presented.
I. INTRODUCTION
With the development of the smart grid, the continuous realtime status-information acquisition of electrical equipment has become very important in the intelligent construction of power systems. A rigorous thermal monitoring regimen is considered standard practice by those responsible for detecting localized thermal conditions, or hotspots, within a switchgear cabinet [1] . Attention is focused on mediumand low-voltage switchgear contacts (including connection points, the primary disconnecting device to the main bus, and the primary disconnecting device to the local bus) due to the importance of their thermal behaviors in power systems. Overheating of connection points will result in severe oxidation and plummeting lifespan [2] . The National Fire Protection Association (NFPA) recognizes that ''temperatures over design levels for prolonged periods can reduce the electrical life of organic insulating materials'' and will ''cause physical deterioration of the materials, resulting in lowered mechanical strength'' [3] , [19] . More seriously, high temperature may cause cable-joint explosion or even largescale power outages.
It is necessary to monitor the internal thermal conditions of electrical equipment on a continuous basis so that the overall equipment performance can be evaluated. To obtain the most accurate assessment of the temperature rise, the contacts must be surveyed. The captured data can be utilized as a basis for a predictive maintenance plan, saving time and money by identifying the potential issues in advance of turnaround activities or, worse, a catastrophic event. However, one of the most significant challenges with the thermal measurement of switchgear contacts is to gain visual access to the points being measured.
Many industrial facilities have incorporated thermal imaging, or infrared radiation (IR) scanning, into their preventive maintenance plans. There are mainly two methods for IR scanning: handheld infrared cameras and IR windows. These plans, however, suffer from some implementation limitations, requiring the removal of bolted covers or opening of hinged covers or doors to expose the conductors. Fig. 1 shows a plant thermographer conducting a routine thermal scan using a handheld infrared camera to inspect a low-voltage switchgear cabinet with the door open. The problem is that surveying any medium-voltage equipment with open doors is classified as hazard category 3 or 4, the two highest allowable operation levels under the NFPA 70E guidelines. Additionally, new globally accepted and applied standards, such as IEEE Standard 1584 ''Guide for Performing Arc-Flash Hazard Calculations'' [4] , now have clearly defined the hazards associated with working on or around energized conductors. If the thermographer is standing more than 10 m from the energized conductor, conducting the thermal scan is considered a low-risk activity. In higher-voltage systems, the safety distance is ever larger. Simply opening a door or removing a cover from energized equipment presents a high risk to the inspector. As shown in Fig. 2 and Fig. 3 , a window media, called an IR window, provides a partial solution to the safety problem by allowing IR cameras to capture thermal data on internal switchgear with the door closed. Fig. 3 shows two basic configurations of the IR-window media, namely, crystal optics (left) and polymer/mesh optics (right). The two designs offer different performance characteristics in measuring thermal energy via noncontact imaging. Nonetheless, as the total energy is mainly composed of three parts, i.e., the energy transmitted, the energy reflected from the target, and the energy emitted from the media itself, introduction of window media between the target and the camera leads to some measurement error. This is further discussed in [5] . From the perspective of an end user, the engineering and production costs associated with including IR windows in switchgear constructions are typically not prohibitive. Certainly, the window size, material type, and number of windows per section will affect the construction price. Another weakness is that there are really no reasonable places that an IR window could be mounted in order to inspect switchgears deep in the cabinet. Therefore, due to both space and cost restrictions, choosing an IR window here would not be practical. The realtime monitoring cannot be realized by a thermographer or an IR window.
In [16] , a quantitative and qualitative monitoring system for switch using fiber-optic technology is presented, biased in favor of image analyzing of switch status lacking of temperature field research. In [17] , the use of the fiber Bragg sensor to monitor the contact temperature of SWT is proposed. This method has the advantage of point measurement and easy installation with the weakness of temperature distribution measurements.
Focusing on the above issue, this paper will design and realize a real-time IR-Fusion Switchgear Contact Monitoring System (SCMS) with little human intervention at low cost. The main functions of the system can be summarized in the following three points:
1. Considering the practical space and cost restrictions, we design a small-volume and low-cost data collection device called a Binocular IR camera (BIRC) to ensure the good design and flexibility of the SCMS. The BIRC is responsible for collecting visible-light images and temperature array data at the same time and transmitting all data in a single cable to a remote substation. Furthermore, it has a low power consumption, which is less than 1.5 W under normal operating conditions, and a small size of 3 cm × 3 cm × 4 cm. Moreover, to expand its application, the BIRC has a very wide field of view (60 • or 120 • can be selected), which enables three or more switchgears to be monitored by a single camera in a field of view. These features give the BIRC much potential. For example, unlike IR windows, the BIRC can be mounted virtually anywhere in the assembly to make 24 × 7 × 365 measurements VOLUME 5, 2017 in lieu of periodic scheduled inspection, without being mounted on an external cover. Therefore, temperature data can be checked at specified intervals, and system alarms can be set should temperatures exceed preset critical levels. 2. In terms of monitoring mode, the SCMS realizes noncontact online inspection with little human intervention and little reconstruction of the switchgear cabinet by installing data collection devices a short distance from switchgear contacts. The system structure is studied and devised, which solves the IR array data and visiblelight image transmission bottleneck and implements real-time transmission to the end user through Ethernet. 3. To detect localized thermal conditions or hotspots more precisely, accurately relating features of interest in the IR scene with their corresponding locations in the visible-light scene is the key issue. The resulting image of the SCMS is based on the target's temperature and the colors or levels corresponding to the visible-light colors of the scene. This is helpful in most inspection cases. For example, terminations at conductor bus joints are subject over time to thermal expansion and contraction, ultimately resulting in excessive heat and loosened connections. The use of the SCMS could be an excellent maintenance method for identifying problems with loose electrical terminations by comparing the temperatures of the bus and bus joints.
II. IR-FUSION SWITCHGEAR CONTACT MONITORING SYSTEM (SCMS)
In this section, we propose a real-time IR-Fusion Switchgear Contact Monitoring System (SCMS), realizing continuous acquisition and display for IR fusion images, which contributes to thermal condition detection and further analysis of switchgear contacts (including connection points, primary disconnecting device to the main bus, and primary disconnecting device to the local bus). Fig. 4 shows a typical connection device to the bus. In the SCMS, the primary task is to collect temperature and visible-light image information of contacts in the switch cabinet. However, the space of the cabinet is too cramped to place a normal-size IR camera. In addition, IEEE Standard 1584 ''Guide for Performing Arc-Flash Hazard Calculations'' [4] has clearly defined the hazards associated with working on or around energized conductors. Therefore, the SCMS at least needs to meet two requirements: small size and noncontact measurement with little human intervention. We design a data collection device, i.e., a binocular IR camera, to well meet the aforementioned requirements.
The main solutions of the SCMS are as follows: The system is composed of BIRCs, an IR fusion module, a transmission and power module and a host computer localized in a remote substation monitoring room. Each BIRC, whose size is only 3 cm ×3 cm × 4 cm, collects both a visible-light image and IR array data, of which each pixel is a measurement of the temperature of objects in a field of view. It is installed near switchgear contacts and is powered by a remote Power over Ethernet (PoE) switch connected to it using one cable. In addition, all of the data communication is provided in the same cable. Multiple BIRCs are distributed near different switchgear contacts. One PoE switch can connect sixteen or more BIRCs. The IR fusion module is responsible for fusing temperature array data and image data collected by BIRCs and outputs an IR fusion image (IRFImg). Then, the IRFImg is converted to User Datagram Protocol (UDP) messages and sent by the network to the host computer localized in a remote substation [13] . The application and working diagram of the SCMS are shown in Fig. 5 . The system is of low cost, low power consumption and small volume, along with other characteristics. Compared with the general thermal monitoring system with a limited field of view, it is more flexible and convenient.
A. BINOCULAR IR CAMERA (BIRC) DESIGN
The BIRC has features of light weight and compact design. Fig. 6 shows the BIRC diagram, and Fig. 7 shows a photo of the mechanical packaging of the BIRC, which includes two LED flashlights, a visible-light window (VW), and an infrared-radiation window (IW). Fig. 8 shows the function diagram of the BIRC, which integrates both infrared data collection and visible-light image collection in a single module. Moreover, it includes a data-preprocessing module, a PoE transmission module, and a power supply module in a single device. Due to its low volume and low cost, it can be conveniently mounted virtually anywhere in the assembly to realize noncontact monitoring.
As shown in Fig. 9 , the overall hardware structure consists of an ARM chip (Cortex-M4), crystals and a peripheral circuit, a communication circuit for transferring information to the PoE port (TPS2377 chips and peripheral circuits), a power supply of 12 V (LM1117 chip, voltage regulator and filter circuit), an SRAM memory (TC55V400 chip), a high-speed 8-channel ADC (ADS7870 chip and peripheral circuit), an IR array data collecting module (MLX90621 sensor and peripheral circuits), a visible-light image collecting module (OV2640 sensor and peripheral circuits), and an LED flash indicator light. The choice of MLX90621 and OV2640 is in line with our design requirements, as both of them are in small-footprint packages.
The ARM controller manages the real-time data collection process, including triggering the sensor channel, control of data storage, etc. Data transmission is completed by the PoE module. The upper-layer application software sends control signals to start the PoE module, and the state machine in the ARM controller encodes or decodes the memory address of the corresponding sensor of each channel and drives different types of sensors. The PoE module also provides power connections in the same cable, so the BIRC does not require a separate cable for each need. After the data control center finishes processing the received data, it needs to feed related actions back to the sensor interface device. The channel trigger state machine (CTSM) is responsible for reading data from the sensors. Fig. 10 shows its working diagram. These independent CTSMs can be started through the corresponding trigger signals. Otherwise, they will be dormant. Each independent CTSM possesses the same structure, and their implementation processes can be executed in parallel. This ensures minimum delay, real-time performance and reliability of data acquisition. The last transmitted data were previously stored in the cache.
Another two main functions of the ARM controller are as follows: first, handling visible-light image and IR array data collected by sensors based on UDP message format; second, making some corresponding modifications by filtering out invalid or false data according to the characteristics of the sensors. The initial state of the system is set as the idle state. When the start signal switches from 0 to 1, the state will jump from the idle state to the reading state. Data can be saved to the register through serial or parallel transformation. The state is updated to the contrast state of the data format after reading a set of data. At the same time, the status-flag bit is automatically increased by 1, and the system prepares to contrast the next message.
Our design allows for the extension of sensors through the inter-integrated circuit (IIC) protocol interface, which has been reserved in the BIRC internally. Therefore, the sensor channel trigger state machine is assigned a specific ID number. At the same time, the ID also represents the priority of data collection. There are numerous methods to define priority, such as sensor conversion-rate data length. It should be mentioned that when data are of different lengths, the ''shortdata priority'' principle can effectively guarantee the overall time consumption of the entire data collection to enhance the real-time performance of the acquisition system.
In our system, the BIRC can measure temperatures over the range of -20 to 300 • C with an accuracy of 0.5 • . The IR array data collecting interface and control are managed via a highspeed IIC digital interface, in which the speed can be selected from a frame rate of 0.5 to a frame rate of 512 Hz. The visible-light image collecting module provides full-frame, sub-sampled, scaled or windowed 8-bit/10-bit images in a wide range of formats, controlled through the Serial CameraControl Bus (SCCB) interface.
B. IR-FUSION MODULE
To identify temperature spots of interest, the IR-fusion module produces an IR-fusion image (IRFImg), which is based on the switchgear contacts' temperatures. The colors displayed typically correspond to the visible-light colors, as shown in Fig. 14 . It is easy to accurately relate features of interest (e.g., hot spots) in the scene with corresponding locations in the visible-light scene viewed by the operator.
The IR-fusion module uses guided image filtering [7] , [14] to superimpose the visible-light image and the infrared image. The visible-light image and temperature array data are the inputs, and the output is an IR-fusion image (IRFImg). Now, we define the guided filter and its kernel. The key assumption of the guided filter is the visible-light guidance image I (800 × 600), the filter input temperature matrix p (16 × 4) , and the filter output q (800 × 600). To apply the filter on p, we magnify it to q (800 × 200).
We assume that there is a linear transformation of I in window ω k at pixel k:
where (a k , b k ) are some linear coefficients assumed to be constant in ω k . We use a square window of radius r. This local linear model ensures that q has an edge only if I has an edge because ∇q = ∇I . This model has proven useful in image matting [8] , image super-resolution [9] , and haze removal [10] .
To determine the linear coefficients, we seek a solution to (1) that minimizes the difference between q and the filter input p. Specifically, we minimize the following cost function in the window:
where ε is a regularization parameter preventing a k from being too large. The solution to (2) can be given by linear regression [11] :
where µ k and σ 2 k are the mean and variance of I in ω k , |ω| is the number of pixels in ω k , andp is the mean of p inω k .
Next, we apply the linear model to all local windows in the entire image. However, a pixel i is involved in all the windows ω k that contain i, so the value of q i in (1) is not the same when it is computed in different windows. A simple strategy is to average all the possible values of q i . After computing (a k , b k ) for all the patches ω k in the image, we compute the filter output by:
where a i = However, since ā i ,b i are the output of an average filter, their gradients should be much smaller than those of I near strong edges. In this situation, we can still obtain ∇q ≈ā∇I , meaning that abrupt intensity changes in I can be mostly maintained in q.
As a result, the IRFImg contributes to accurately relating features of interest in the IR scene with their corresponding locations in the visible-light scene. After that, the IRFImg is converted to UDP messages and then sent to the host computer localized in a remote substation.
C. POWERING AND COMMUNICATION MODULE
Power over Ethernet (PoE) is a technology that allows IP-based terminals to receive power, in parallel to data, over existing CAT-5 Ethernet infrastructure. The IEEE 802.3af, also called the Data Terminal Equipment (DTE) Power via Media-Dependent Interface (MDI), is the international standard to define the transmission of PoE infrastructure.
In our proposed Switchgear Contact Monitoring System, multiple BIRCs (also as multiple nodes) are distributed near different switchgear contacts. Therefore, the SCMS is designed in a hierarchical protocol, as shown in Table 1 . Multimode monitoring can be realized through the PoE module installed in the BIRC. IEEE 802.3af is adopted to support the PoE module design in the BIRC [20] .
The PoE module is not only the communication part between the ARM controller and network via one cable but also the power supply part for the overall BIRC components by delivering 12W of galvanically isolated power, which is transmitted through the same cable as in the communication part. Fig. 11 is the functional diagram of the PoE module. It includes data output (DOUT) and data input (DIN), which FIGURE 13. The resistance temperature obtained from [12] is T C , and the resistance temperature tested by the BIRC is T B . We also took an IR scanning camera, Fluke MT4 MAX, as the control, and its measured temperature is T F . are used to coordinate data and communication; SLK is used for data synchronization, and other signal lines, such as special function signals, are used as alternative choices. Two LEDs are used to show the connection and transfer statuses.
III. TEST AND RESULTS
When selecting locations for installing permanently mounted data collection devices (here, BIRCs) near switchgear device contacts, many factors must be considered to ensure that they are placed appropriately:
• the probability of thermal failure at the location;
• proximity to secondary failure locations;
• local conductive, radiative, and convective transfer;
• the availability of performant mounting options. After a careful analysis of these factors, a location including three contacts in a field of view is determined to be the most appropriate for BIRC placement. This is detailed on a generic enclosure in Fig. 12 . This is a common configuration, and there are many permutations that can be implemented based on different geometries, configurations, and points of interest. Fig. 14 shows the monitoring results of three phase AC terminals under 380V working conditions. The first line is the visible image and the second line is the IRFImg obtained by BIRC. Fig. 15 shows the porcelain tube resistance used in the experiment and Fig. 16 shows some IRFImgs collected during the test.
Considering the safety, it is difficult to obtain a highvoltage or high-current stimulation environment in the laboratory, which is necessary to raise the temperatures of switchgear contacts. To evaluate the switch contact operation environment in practice, we choose a Voltage-Regulating Transformer (VRT) as the power equipment and adjust the output voltage amplitude to adjust the power of the resistance associated with changes in temperature. Fig. 15 shows the porcelain tube resistance used in the experiment. It is a cylinder with a diameter of 5 cm and a length of 30 cm. The ambient temperature is 13 • . We define the resistance temperature obtained from [12] as T C and the resistance temperature tested by the BIRC as T B . We also took an IR scanning camera, Fluke MT4 MAX, as the control, and its measured temperature is T F . The testing quality parameter (TQP) is defined as a function of T B,F , which is given by:
FIGURE 15. The porcelain tube resistance, which is a cylinder with a diameter of 5 cm and a length of 30 cm, is used in the test.
The results are detailed in Fig. 13 and Table 2 . Fig. 16 shows some IRFImgs collected during the test; the resistance temperatures change from ambient temperature to 50 • . In our test, to ensure the exactness, we cut off the power and cooled down the resistance to room temperature before changing the voltage. It was found that TQB B is less than 2%, and the maximum value is 1.69%. TQB F has six values beyond 2%. The experiment has proved that the SCMS achieves better temperature monitoring performance than Fluke MT4 MAX. Moreover, Fluke MT4 MAX has a much higher price than our system and cannot record continuous results. Nevertheless, continuous thermal monitoring is essential in the most basic form. It is used not only to check the trend of temperature data but also to provide a simple alarm, particularly when conditions reach a specified threshold temperature. As shown in Table 3 , we also compare the cost, resolution, temperature region, manner, volume, and weight among Fluke MT4 MAX, BIRC and Fluke TiS10. From the results we know that BIRC has a great advantage in cost.
In the test, we also found that, as shown in Fig. 15 , Fig. 16 and Fig. 17 , the outline of a piece of iron fixed in the resistance was clearly recognized during continuous heating. The phenomenon is attributed to the recognition by the BIRC of acute temperature changes of the piece of iron. The resistance of iron is lower than that of the porcelain tube, VOLUME 5, 2017 FIGURE 16. IRFImgs collected during the test. The resistance temperatures change from ambient temperature to 50 • C. The colors displayed typically correspond to the visible-light colors. It was found that the outlines of a piece of iron fixed in the resistance were clearly recognized during continuous heating. so according to Joule's law, the heating of the porcelain tube resistance is more powerful under the same current. Finally, the iron reaches the same temperature as the porcelain tube in the thermal equilibrium.
The second evaluation performed in our test is related to the distance from the BIRC to the switchgear contacts. Practically, the distance is not always rigidly fixed. We test the thermal monitoring effect at different distances from 10 cm to 60 cm; the results are shown in Fig. 17 . We observed that IRFImgs showed temperature stabilization with changes in distance from 10 cm to 60 cm.
The third aspect we focus on in our test is related to the electrical power consumption of the BIRC. To make operation possible, each function of the BIRC is turned on at a specific time, reducing the power consumption in this way. Using the power system, the power consumption of the main BIRC function is approximately 275 mW for the IR module, 125 mW for the visible-light module, 190 mW for the transmission module, and 1000 mW for the BIRC under working conditions.
IV. CONCLUSION
Electric power transmission and distribution systems are increasingly required to operate efficiently and reliably to guarantee both continuity and quality of supply [18] . The importance of thermal monitoring is undisputable, particularly in critical processes where avoiding unscheduled downtime due to electrical equipment failure is paramount. Although IR scanning, such as through IR windows, is a useful method for many applications, there are modest detractions to this technology in general and specifically for applications in enclosed equipment such as medium and low-medium switchgear. Continuous thermal monitoring provides a method for obtaining additional data that have substantial value. This paper has presented the realization and results of a real-time monitoring system for switchgear contacts (SCMS). It can meet the continuous thermal monitoring requirements by acquiring the temperature data and visible-light images with little human intervention and little reconstruction of the switchgear cabinet. Particularly, it is convenient to monitor contacts inside the breaker compartments, whose locations are completely inaccessible outside the switch cabinet. The BIRC is the data collection device of the SCMS, whose compact design fits inside a single aluminum-alloy shell and power consumption is low. Moreover, both the data transmission and power provision are achieved in a single cable. Therefore, the SCMS is easy to expand and customize. Compared with the general thermal monitoring system with a limited field of view, it is more flexible and convenient.
